Abstract Leptin is an adipocyte-derived hormone that relays a satiety signal to the brain. The effect of leptin on the sympathetic nervous system is an important aspect in the regulation of energy homeostasis as well as several other physiological functions. The arcuate nucleus of the hypothalamus is considered a major site for the regulation of physiological processes by leptin. However, there is growing recognition that other hypothalamic and extra-hypothalamic brain nuclei are important for leptin regulation of physiological processes including sympathetic nerve traffic. The current review discusses the various hypothalamic and extra-hypothalamic nuclei that have been implicated in leptin-induced increase in regional sympathetic nerve activity. The continuous rise in the prevalence of obesity underscores the importance of understanding the underlying neural mechanisms regulating sympathetic traffic to different tissues to design effective strategies to reverse obesity and associated diseases.
Introduction
Energy balance is a highly regulated phenomenon, and the importance of the autonomic nervous system in the regulation of energy homeostasis is well established. The brain receives afferent signals about the status of body energy reserves leading to autonomic, humoral and behavioral adaptations aimed at maintaining body weight homeostasis [1, 2] . The cloning of the ob gene and the identification of its encoded protein, leptin, defined a molecular signal linking the amount of body's energy reserves to the brain [3] . In addition, the characterization of leptin's sites of action in the brain has allowed tremendous progress in defining the brain circuits that regulate energy homeostasis and other physiological functions.
Leptin is a signal from adipose tissue that acts in the brain to complete the feedback loop that regulates appetite and energy expenditure. Leptin is secreted by adipocytes and circulates in the blood at concentrations proportional to fat mass content. Leptin action on its receptor present in the central nervous system inhibits food intake and increases energy expenditure through stimulation of sympathetic nerve activity (SNA). Leptin-triggered increase in regional sympathetic traffic promote thermogenesis in brown adipose tissue (BAT), lipolysis in white adipose tissue and increase metabolic activities in liver and skeletal muscle resulting in an increase in energy expenditure [4] [5] [6] (Fig. 1 ). In addition, the sympathoexcitation triggered by leptin promotes BAT-like remodeling of perigonadal white adipose tissue [7, 8] .
Consistent with its pleiotropic effects, leptin increases sympathetic drive to tissues that are involved in the regulation of physiological functions other than energy homeostasis [9] . For instance, the centrally-mediated sympathoexcitatory effects of leptin appear to exert an influence on peripheral bone physiology [10] . Leptin also increase sympathetic drive to organs involved primarily in cardiovascular regulation such as the kidney with potential impact on energy metabolism. Leptin also induces arterial pressure elevation with important pathophysiological implications in obesity [11] . Indeed, recent work has highlighted a key role of leptin and hyperleptinemia in the adverse cardiovascular consequences of excessive adiposity. This is based on the findings that several animal models of obesity that have elevated arterial pressure exhibit selective leptin resistance, in that they have normal renal sympathetic and arterial pressure responses to leptin in spite of diminished beneficial anorectic and weight-reducing actions of leptin [11] [12] [13] [14] . In support of the animal studies implicating hyperleptinemia in obesity-associated sympathetic overdrive are the findings that obese humans have elevated renal SNA [16] and the existence of a strong association between circulating leptin levels and renal sympathetic tone in human subjects of varying adiposity [17] .
The mechanisms underlying the selectivity in leptin resistance are not well understood, but could relate to the involvement of different neuronal populations in mediating the metabolic and cardiovascular effects of leptin. Alternatively, this could be due to the divergent intracellular signaling pathways engaged by the leptin receptor (ObRb) to differentially regulate the various physiological processes. This is supported by data using genetically modified mouse models with disruption of the various signaling pathways of ObRb [15] . Therefore, selectivity in leptin resistance may be due to the inability of ObRb to activate downstream signaling pathways mediating the beneficial effects on food intake and body weight (e.g. STAT3), but preservation of ObRb's ability to stimulate the intracellular pathways (e.g. PI3 kinase) that mediate the cardiovascular effects of leptin.
Thus, through its action on the sympathetic nervous system leptin is able to influence many physiological processes beyond energy homeostasis and body weight regulation (Fig. 1 ). In the past few years, significant advances have been made in defining the central neural pathways involved in leptin actions on the cardiovascular function and regional sympathetic nerve traffic. Various neuroanatomical sites have emerged as mediators of the cardiovascular and sympathetic effects induced by leptin.
Hypothalamic arcuate nucleus
Shortly after the discovery of leptin and its receptor, the hypothalamus was identified as a key site of leptin action. Indeed, the long signaling form of ObRb was found to be enriched in various hypothalamic nuclei. Within the hypothalamus, the arcuate nucleus (ARC) has emerged as a major site for the regulation of physiological processes by leptin (Fig. 2) . This was based on the fact that the ARC contains the highest concentration of ObRb and is the most responsive brain nucleus to leptin in terms of activation of intracellular signaling pathways associated with ObRb [18, 19] . The relevance of leptin signaling in the ARC was further supported by lesioning studies, which demonstrated a lack of feeding response to leptin after the ARC had been destroyed. However, restoring the expression of ObRb in the ARC of leptin receptor-deficient Koletsky rats or in mice that have a leptin receptor null allele caused a modest decrease in food intake and body weight, but normalized the hyperglycemia [20] [21] [22] [23] . Similarly, reactivation or deletion of ObRb in specific neuronal populations of the ARC had a modest effect on food intake and body weight, but a profound impact on glucose homeostasis [20, [24] [25] [26] . Together, these findings indicate that ARC neurons may be Fig. 1 Several physiological processes are influenced by leptin through activation of the sympathetic nervous system. Leptin action in the brain triggers an increase in sympathetic nerve outflow to a variety of tissues involved in several physiological functions ranging from energy expenditure and metabolism to cardiovascular control. BAT brown adipose tissue, WAT white adipose tissue, Ske Mus skeletal muscle, Adrenal gl adrenal gland more important for mediating the effects of leptin on glucose balance than on energy homeostasis.
Accumulating evidence also point to the importance of the ARC in mediating the sympathetic effects of leptin. Leptin injection into the ARC increases sympathetic traffic subserving BAT, hindlimb and kidney [27, 28] . In addition, the neurons of the ARC play a major role in mediating leptin-induced sympathetic activation to white adipose tissue, which promotes a BAT-like remodeling [7, 8] . Moreover, lesioning the ARC resulted in a blunted BAT SNA response to intravenous leptin [29] . Additional evidence pointing to the ARC as a critical nucleus in mediating leptin-induced increases in sympathetic traffic derives from the observation that specific deletion of the leptin receptor in this nucleus is sufficient to abolish leptininduced renal and BAT sympathetic activation [30] . Interestingly, deletion of leptin receptor expression in the ARC also eliminated the elevated blood pressure associated with diet-induced obesity in mice [30] . Thus, leptin action in the ARC is critical in mediating the regional sympathetic nerve activation and cardiovascular effects of leptin.
Although the ARC contains several neuronal populations, two classes of neurons have been well characterized in terms of leptin action: proopiomelanocortin (POMC) neurons (which also express cocaine-and amphetaminerelated transcripts (CART) that are activated by leptin); and neuropeptide Y (NPY) neurons (which also express agoutirelated protein (AgRP) that are inhibited by leptin) [2, 27] . There is strong evidence that many of leptin's actions on the sympathetic traffic are mediated by stimulation of the melanocortin system (Fig. 2) . The melanocortins are peptides that are processed from the polypeptide precursor, POMC. The POMC neurons are known to express the leptin receptor and leptin binding leads to stimulation of neuronal firing activity and increase the gene expression of POMC and CART genes. This results in higher secretion of alpha-melanocyte stimulating hormone (a-MSH), which in turn binds to a number of receptors of the melanocortin family located in second order neurons. Five melanocortin receptors (MC1R to MC5R) have been identified. The MC3R and MC4R are highly expressed in the central nervous system [31, 32] . The importance of the MC4R in energy balance was demonstrated by target disruption of the MC4R gene that induces hyperphagia and obesity in mice [33] . In addition, the involvement of the brain melanocortin receptors in regulating the sympathetic tone and arterial pressure was demonstrated in rodents and humans [34] [35] [36] [37] [38] .
Mice lacking the leptin receptor only in POMCexpressing neurons had blunted arterial pressure response to leptin [39] . In addition, despite being overweight and exhibiting several metabolic alterations, which normally leads to arterial pressure increase, mice lacking the leptin receptor in POMC neurons remains normotensive [39] . Consistent with these findings, a critical role for MC4R in mediating leptin-induced increase in renal SNA as well as arterial pressure was demonstrated using pharmacological and genetic approaches [34] [35] [36] . Moreover, the MC3/4R appears essential in transducing the preserved renal SNA response to leptin in obesity [40] . Finally, the demonstration that blockade of the MC3/4R in the hypothalamic paraventricular nucleus abolished the renal sympathoexcitatory effect of leptin, support the idea that leptin activates the sympathetic nervous system by stimulating the release of a-MSH in the vicinity of the paraventricular nucleus neurons [41] . Thus, experimental data implicate the POMC-MC4R axis in mediating the cardiovascular and renal sympathetic effects of leptin.
Other hypothalamic nuclei
In addition to the ARC, other hypothalamic regions have been implicated in the sympathetic and cardiovascular Fig. 2 Schematic illustration of the various brain nuclei in which leptin receptor signaling has been shown to elicit an increase in sympathetic nerve activity. The insert shows the two neuronal populations within the arcuate nucleus and their projections to the second order neurons. In POMC neurons, leptin increases neuronal firing and POMC gene expression promoting the secretion of alphamelanocyte stimulating hormone (a-MSH), an agonist of the melanocortin 3 and 4 receptors (MC3/4R) located in the second order neurons. Conversely, in NPY neurons, leptin inhibit neuronal firing rate and decrease the expression and secretion of AgRP (antagonist of the MC3/4R), promoting MC3/4R activation effects of leptin. The ventromedial hypothalamus (VMH) has high concentrations of ObRb, albeit not as high as the ARC [18] . In addition, exogenous leptin treatment induces c-Fos protein expression and activates leptin receptor signaling in the VMH, indicating that leptin indeed acts in this nucleus [42, 43] . Furthermore, mice carrying a deletion of ObRb in SF1 neurons of the VMH exhibited higher body weight and adiposity associated with hyperinsulinemia, dyslipidemia and hepatic steatosis [44, 45] . These findings demonstrate the importance of the SF1 neurons of the VMH in mediating the metabolic effects of leptin.
Using circulating catecholamines as a read out of sympathetic activity, Satoh et al. [46] found that microinjection of leptin into the VMH increased plasma catecholamines. Later studies using direct SNA recording demonstrated that leptin injection into the VMH caused renal and lumbar sympathetic nerve activation [28, 47, 48] . The role of the VMH in the cardiovascular effects of leptin has also been investigated, with contradicting results. Tanida et al. [48] demonstrated that direct injection of leptin into the VMH did not affect arterial pressure. On the other hand, studies by two other groups demonstrated that leptin injection into the VMH increased heart rate and arterial pressure [28, 47] . The reasons for such discrepancy in the cardiovascular effects caused by leptin into the VMH are not clear, but may be due to methodological differences between the various studies.
The dorsomedial hypothalamus (DMH) is another hypothalamic nucleus that has been involved as a site of leptin action on sympathetic nerve traffic and cardiovascular function. Activation of neurons of the DMH with bicuculline (a GABA receptor antagonist) evoked an increase in arterial pressure, heart rate and renal sympathetic drive implicating the DMH in the control of sympathetic tone and cardiovascular regulation [49] . Interestingly, leptin injection into the DMH elicited a significant increase in arterial pressure and heart rate without significantly altering renal SNA [47] . However, other studies have implicated the ObRb expressing neurons of the DMH in the regulation of sympathetic drive to BAT. For instance, during acute cold exposure c-Fos expression is induced in ObRb expressing neurons of the DMH [50] . In addition, leptin injection into the DMH raised interscapular BAT temperature, which is thought to be sympathetically-mediated [51] . Finally, retrograde labeling studies identifying infected leptin receptor expressing neurons in the DMH following the viral inoculation of BAT provide a neuroanatomical basis for the control of BAT SNA by leptin action in this nucleus [50] . However, direct evidence that leptin action in the DMH causes BAT sympathetic activation is lacking.
Based on lesioning and electrical stimulation studies, the lateral hypothalamus (LH) has long been known as a ''feeding center'' [2] . This has raised the possibility that the LH may be a major site of leptin action. Consistent with such notion, the leptin receptor was found to be expressed in a subset of LH neurons, and leptin microinjection into this region decreased food intake and caused weight loss in rats [52] . In addition, deletion of ObRb in the neurotensin expressing neurons of the LH caused obesity in mice [53] . In the LH, leptin appears to act on a discrete set of neurons, presumably those expressing neurotensin, which in turn can modulate the function of neighboring melaninconcentrating hormone and orexin-containing neurons via an integrated system [52] . The connectivity of the LH with the autonomic and sympathetic centers has prompted the investigation of a potential involvement of this nucleus in the sympathetic and cardiovascular effects of leptin. Microinjection of leptin into the LH evoked lumbar sympathetic activation with no increase in arterial pressure [28] . The potential effects of leptin action in the LH on the sympathetic activity to beds other than the hindlimb deserve further investigation.
The presence of leptin receptors in the hypothalamic paraventricular nucleus (PVN), which provide major descending pathways to parasympathetic and sympathetic preganglionic neurons raised the possibility that leptin action in this nucleus may be critical for sympathetic and cardiovascular regulation. However, silencing the leptin receptor signaling in the PVN using antisense oligonucleotide against ObRb mRNA did not alter arterial pressure, heart rate or sympathetic vasomotor tone [46] , which argues against a meaningful role for the leptin action in the PVN in the tonic regulation of sympathetic and cardiovascular functions. The sympathetic and cardiovascular responses elicited by direct leptin microinjection into the PVN were also examined, though with contrasting results. Indeed, direct injection of leptin into the PVN was found to cause either no change in arterial pressure or renal SNA [47] , to increase lumbar SNA but not arterial pressure [28] , or to increase arterial pressure as well as sympathetic vasomotor tone [54] . Therefore, the relevance of PVN leptin receptors for sympathetic and cardiovascular regulation remains unclear.
Extra-hypothalamic regions
Several brain nuclei outside the hypothalamus have been implicated in mediating the sympathetic and cardiovascular effects of leptin. In the brainstem, the nucleus tractus solitarii (NTS) expresses ObRb, and exogenous peripheral leptin administration increased c-Fos immunoreactivity and activated leptin receptor signaling (e.g. Stat3 phosphorylation) in this nucleus [55] . In addition, leptin injection into the NTS led to a significant decrease in food intake and body weight validating leptin action in this nucleus [56] .
Given the well-known importance of the NTS as key regulator of the sympathetic tone and cardiovascular system, a potential role for this nucleus was considered [55] . Strikingly, leptin injection into the commissural and medial subnuclei of the NTS at the level of the area postrema evoked a significant increase in renal SNA and arterial pressure with no significant change in BAT SNA [55] . The responses induced by leptin injection into the NTS were dependent on functional leptin receptor, as no increase in renal SNA or arterial pressure was detected in Zucker rats that carry a mutation in the leptin receptor [55] . Of note, leptin injection into the rostral NTS failed to elicit any sympathetic or cardiovascular responses, which is consistent with data demonstrating that leptin receptor signaling within the NTS is restricted to the caudal region of this nucleus [55, 57, 58] .
The subfornical organ (SFO) is another extra-hypothalamic nucleus, which was recently implicated in the regulation of arterial pressure by leptin. Leptin action in the SFO has been shown to activate the same neurons as amylin suggesting a possible role for leptin action in this nucleus in the regulation of food intake and energy expenditure [59] . In addition, direct injection of leptin into the SFO of rats caused a significant decrease in arterial pressure as compared to control injections [59] . Based on these findings the authors argue that the role of leptin receptor signaling in the SFO is to maintain normal arterial pressure by counteracting the pro-hypertensive effects induced by leptin action in other brain nuclei. Therefore, the blunted depressor response to leptin microinjection into the SFO in the obese animals was suggested to promote the development of hypertension [59] . Whether the autonomic nervous system is involved in the hypotensive effects of leptin action in the SFO and whether the effects induced by leptin receptor signaling in the SFO are restricted to arterial pressure remains to be determined.
Concluding remarks
The sympathetic nervous system is an important regulatory mechanism of several physiological functions including energy balance and cardiovascular homeostasis [60] . The ability of leptin to modulate sympathetic nerve traffic subserving various tissues impacting several physiological processes offer a plausible explanation for the importance of this hormone in coordinating homeostasis. Several brain nuclei have been implicated in the regional sympathetic nerve responses induced by leptin. Such observations combined with other evidences are consistent with the notion that leptin action in the brain involves a distributed neuronal network. However, given the multiple brain nuclei that can mediate leptin-induced activation of the sympathetic nerve traffic it is unclear why deleting the leptin receptor from one nucleus (e.g., the ARC) abolishes the regional sympathetic responses evoked by leptin [24] . Also, the conclusions derived from studies that rely mainly on brain site-specific microinjection of leptin need to be modulated given that such approach does not mimic the normal way by which leptin gets into those nuclei. Indeed, it is well documented that circulating leptin crosses the blood-brain barrier through a specific and saturable transport system [9] . Thus, despite the recent advances our understanding of the central nervous system circuits involved in the regulation of the sympathetic nervous system activity by leptin remain far from complete. Defining the neuronal circuits underlying the regional sympathetic nerve responses induced by leptin will be essential for the development of safe and effective therapies for the treatment of obesity and associated diseases.
